Periodic boundary conditions density-funcional theory and embedded cluster wave function theory calculations performed on Ga-doped and Ce,Ga-codoped yttrium aluminum garnet (YAG) Y 3 Al 5 O 12 , allowed for the determination of the atomistic structures of these materials when Ga substitutes for Al in octahedral and tetrahedral sites and Ce substitutes for Y, as well as for the shifts of the local excited states of main character Ce-4f 1 , Ce-5d 1 , and Ce-6s 1 induced by Gacodoping. The experimental blue shift experienced by the lowest Ce 4f → 5d absorption upon Ga-codoping has been reproduced and it has been found to be caused by the reduction of the effective ligand splitting of the 5d 1 manifold, which is due to Ga forcing an anisotropic expansion of the surroundings of Ce. The effects of Ga on the energy centroids of the 4f 1 and 5d 1 configurations are negligible. The direct electronic effects of Ga are insignificant and all effects of Ga-codoping are a consequence of the geometrical distortions it causes. This picture corresponds to a simple model under use and it contrasts with the case of La-codoping, where the direct electronic effects of La and the centroid energy shift are responsible for the red shift. The reason for such a different behavior could lie in the distance between the dopant and the Ce impurity, which is shorter for Ce,La:YAG than for Ce,Ga:YAG.
I. INTRODUCTION
Controlling the color of white light solid-state lighting devices is considered one of the important issues governing the success of these technologies. shorter wavelengths (blue shift).
2,9,10
Presently, there is an insufficient knowledge on the relationship between the structural changes that codoping induces on the optically active defects, like Ce impurities in Ce:YAG, and the red or blue shifts they produce. This is so mainly because of the difficulties for establishing the detailed local structures of the defects. In the case of codoping Ce:YAG, an empirical rule states tha substitutions of the dodecahedral Y 3+ by larger ions (like La 3+ )
gives red shift whereas substitutions of the octahedral Al 3+ by larger ions (like Ga 3+ ) gives blue shift of the Ce 3+ 5d → 4f luminescence (and of the first 4f → 5d absortion), 4, 9, 10 although the reasons behind this rule are unknown (the lattice constants increase with both types of substitutions 9 so that a simple interpretation in terms of changes in the local crystal field around the Ce 3+ 5d shell created by the codopings cannot be made).
In these circumstances, first-principles calculations are expected to be helpful by providing additional insight. In this respect, as a part of a long term first-principles study of the luminescence of Ce in Ce-doped and codoped realistic YAG, which includes the calculation of the luminescence of Ce:YAG (Ref. 14 Although the local expansion and the red shift are contradictory on the basis of a simple model that considers only the 5d level splitting under the electric crystal field created by the ligands, 7 they coexist because the local distortion makes the energy centroid of the Ce 3+ -5d 1 configuration to lower significantly and the electronic effects of La, which sits not far from Ce, reduces the ligand field splitting of the 5d shell.
14
Here, we present a first-principles study on the effects that Ga-codoping has on the atomistic and electronic structure of Ce:YAG and on the shift of the lowest 4f → 5d absorption.
Under the lack of theoretical and experimental detailed structural data other than the observation of a lattice constant expansion with Ga concentration, 9 the blue shift experienced by the 5d → 4f luminescence of Ce:YAG upon Ga-codoping (and of its associated absorption, the first 4f → 5d) 2, 9 has been attributed to a reduction of the splitting of the 5d 1 levels (larger than that of the 4f 1 levels), which results from Ga 3+ lowering the crystal-field around Ce 3+ as a consequence of Ga-codoping forcing a more cubic environment around Ce 3+ .
2,4,8,15
This interpretation assumes that the energy difference between the baricenters of the 4f 1 and 5d 1 configurations does not change by Ga-codoping.
We report periodic-boundary-conditions density-functional theory (DFT) 16, 17 Fig. 1 . Detailed structural data are presented in Table I , which show that Ga produces an homogeneous expansive distortion around it, both in the octahedral and in the tetrahedral sites. This expansion is coherent with the observations of the lattice parameter of Y 3 Al 5−y Ga y O 12 increasing with Ga concentration from 10 at.% (y = 0.5) to 90 at.% (y = 4.5). 9 The breathing is larger in Ga 14 Here, the radial distortions (+0.09Å in Ga enough so as to cushion out distortions in and beyond the third coordination shell.
Electronic structure
The band structures of Ga As we can see in Table II, distances are slightly more unstable and the instability is largest for the defects with shorter Ce-Ga distances. As shown by the ∆E sd−inter values, the single defects attract themselves and tend to get close to each other; however, the local expansions brought about by each of them cannot be accommodated at the same time below a critical distance of around 5.5Å, under which they repel each other. Fig. 3 . Detailed geometrical parameters are presented in Table III . The main effect of Ga-codoping on the local structure around the optically active Ce Y defect is an overall anisotropic expansion of its first coordination shell, both when Ga substitutes for Al oct and for Al tet ; however, the detailed distortions are very different in both cases: in the former, two of the four closest oxygens move away 0.03Å and two of the four most distant oxygens approach 0.01Å, whereas in the latter, one close oxygen moves away 0.07Å and one distant oxygen approaches 0.01Å, all other oxygens experiencing shorter displacements. The expansions around Ce Y supports one of the points of the current interpretation for the Ga-codoping induced blue shift (lowering the crystal-field around Ce), but their high anisotropies do not support at all the other point (forcing a more cubic environment around Ce). 2, 4, 8, 15 We discuss below the contributions to the blue shift.
As it happens with Ga

Electronic structure
The PDOS of Ce, Ga, Y, Al, and O atoms and total DOS of Ce Y ,Ga 14 Let us now analyze the reasons behind the blue shift. In order to do so, we will use the diagram in Fig. 5 , where the energy levels of Ce Y ,Ga oct Al :YAG are represented together with the centroids of the 4f 1 and 5d 1 configurations,
In the diagram, the transition energy between the lowest levels of the 4f 1 and 5d
] is also indicated, as well as the ligand field stabilization energies of both levels. It is clear that we can write the transition energy in terms of these components as
The values of these quantities and their changes upon Ga-codoping are presented in Table IV .
They show that the blue shifts induced by Ga oct Al and Ga tet Al are determined by the lowering of the ligand field stabilization energies of the lowest 5d 1 level, whereas the shift of the energy difference between the 4f 1 and 5d 1 centroids upon Ga-codoping is insignificant and it does not play any role in the blue shift. This picture is totally different to the case of the 14 where the relative stabilization of the 5d 1 centroid dominates the red shift and the increment of the ligand field splitting of the 5d shell enhances it, in spite of the fact that both Ga-codoping and La-codoping produce anisotropic expansions around Ce Y defects. Next, we discuss the reason for this difference. Table V Ga. In La-codoping, 14 however, both the distortions and the electronic effects of La lower the centroid energy difference to the point of making it the largest contribution to the red shift. The second observation is that the ligand field splittings, which are ultimately responsible for the blue shift upon Ga-codoping, are dominated by the distortions, with the first-shell distortion accounting for approximately two thirds of the whole effect and the remaining distortions for the other third, and the direct effects of Ga are negligible. The effect of the first shell distortion upon La-codoping 14 is the same (lowering 5d shell splitting, blue shift) but it is partially compensated by the remaining distortions which act in the opposite direction, and, most importantly, the direct electronic effects of La are relevant and increase the 5d shell splitting, so given another important contribution to the red shift.
As a conclusion of this analysis we can say that the effects of Ga-codoping on the blue shift of the lowest Ce 3+ 4f → 5d transition of Ce:YAG can be described with a simple model in which Ga acts only by provoking an expansion around Ce Y , whose main effect is lowering the 5d shell splitting. given, which stand, respectively, for its distance to M, the radial and perpendicular displacements along the M-atom axis, and the angle between the radial displacement and the displacement vector of the atom. α stands for angles between three atoms. Atom labels correspond to Fig. 1 Figure 5 Muñoz-García and Seijo
